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I n t r o d u c t i o n  
The o u t e r  p a r t  of a t u r b u l e n t  boundary l a y e r  i s  dominated  by l a r g e  
edd ie s ’  w i t h  t y p i c a l  l e n g t h  scales of the o r d e r  of t h e  boundary  l a y e r  
t h i c k n e s s  6. The large scale s t r u c t u r e  is  convec ted  downstream wi th  a 
v e l o c i t y ,  Uc ,  a p p r o x i m a t e l y  e q u a l  t o  0.93 times2 t h e  free stream v e l o c i t y  Uo. 
P a s s i n g  of t h e  large e d d i e s  i s  s e m i p e r i o d i c 3  wi th  a n  e x p e c t e d  p e r i o d  of 
a p p r o x i m a t e l y  2.5 6/Uo. 
momentum t o  t h e  w a l l  and are  r e l a t e d  t o  t h e  s k i n  f r i c t i o n  p r o d u c t i o n  phenomena 
a l t h o u g h  t h e  mechanism f o r  t h e  l i n k a g e  i s  u n c l e a r 4  ,s 3 6 .  
Large edd ies  are a s s o c i a t e d  with t h e  t r a n s f e r  of 
E a r l y  boundary l a y e r  man ipu la t ion7  was f i r s t  per formed hy p o s i t i o n i n g  mesh 
s c r e e n s  i n s i d e  t h e  layer.  T h i s  caused t h e  d e s t r u c t i o n  of t h e  large e d d i e s  and 
a s k i n  f r i c t i o n  d r a g  r e d u c t i o n  downstream of t h e  screem. The d r a g  of t h e  
d e v i c e  i t s e l f  w a s ,  however ,  e x c e s s i v e .  T h i s  i n i t i a l  work l e a d  t o  a series of 
i n v e s t i g a t i o n s  by Hefne r  et a1.8, Corke et 
o t h e r s .  The r e s u l t  of t h e s e  many e f f o r t s  h a s  produced a n  e v o l u t i o n  i n  large 
eddv break up d e v i c e s  (LFBU’s)  which s u g g e s t s  tandem h l a d e s  as a n  e f f e c t i v e  
c o n f i g u r a t i o n .  
, l o ,  Ber te l ruc !  e t  al.’l and 
In r e c e n t  i n v e s t i g a t i o n s ’ *  , n e t  d r a g  r e d u c t i o n  was a c h i e v e d  w i t h  
o p t i m i z e d  p l a t e  m a n i p u l a t o r s  and a i r f o i l  shaped  l a r g e  eddy break-up d e v i c e s .  
It  s h o u l d  be ment ioned  t h a t  r e p e a t a b i l i t y  of n e t  d r a g  r e d u c t i o n  due  t o  
l a r g e  eddy d e s t r u c t i o n  i s  g e n e r a l l y  ~ n s a t i s f a c t o r y l ~  and t h a t  t h e  
micro-geometry of t h e  p l a t e  man ipu la to r s  i s  c r i t i ca1 l5 .  
The f o c u s  of this s t u d y  i s  t o  enhance t h e  e f f e c t i v e n e s s  of a s i n g l e  b l a d e  
m a n i p u l a t o r  c o n f i m r a t i o n .  It i s  assumed t h a t  larqe e d d i e s  i n p i n g i n g  upon a 
LEBU p la t e  g e n e r a t e  u n s t e a d y  l i f t  f o r c e s  due  t o  t h e  v a r i a t i o n  of t h e  e f f e c t i v e  
a n g l e  o f  a t t a c k .  The mechanism of l a r g e  eddy c a n c e l l a t i o n  by t h e  LEBU b l a d e  
i s  assumed t o  he a v o r t e x  c a n c e l l a t i o n  Process’6  ,17. Becallse of t h e  u n s t e a d y  
/ 
2 
c i r c u l a t i o n  a r o u n d  t h e  d e v i c e ,  v o r t i c e s  are s h e d  from i t s  t r a i l i n g  edge.  The 
oncoming large e d d i e s  i n  t h e  boundary l a y e r  i n t e r a c t  w i t h  t h e  s h e d  v o r t i c i t y  
and are assumed t o  be  p a r t i a l l y  cance led .  
T h i s  p a p e r  d e s c r i b e s  a n  e x p e r i m e n t a l  program i n  which t h e  e f f e c t i v e n e s s  of 
a s i n g l e  LEEU b l a d e  i s  enhanced by proper  a c o u s t i c  e x c i t a t i o n .  The a c o u s t i c  
waves are g e n e r a t e d  i n  r e s p o n s e  t o  t h e  i n c i d e n t  large scale e d d i e s  and d i r e c t e d  
a t  t h e  b l a d e  t r a i l i n g  edge  t h r o u g h  the  t es t  s u r f a c e  f l o o r  below t h e  m a n i p u l a t o r  
b l a d e .  The a c o u s t i c  i n p u t  i s  phase  l o c k e d  t o  t h e  i n c i d e n t  f l o w .  C o n t r o l  of 
t h e  a c o u s t i c  i n p u t  a p p a r e n t l y  a l l o w s  enhancement of t h e  l a r g e  eddy c a n c e l l a t i o n  
p r o c e s s  l e a d i n g  t o  a d e c r e a s e  i n  s k i n  f r i c t i o n  c o e f f i c i e n t  Cf .  C o n t r o l  of t h i s  
p r o c e s s  w i t h  a c o u s t i c  e x c i t a t i o n  i n d i c a t e s  t h a t  v o r t e x  unwinding i s  t h e  
mechanism f o r  large eddy d e s t r u c t i o n  i n  t h e  boundary l a y e r .  A d e e p e r  
u n d e r s t a n d i n g  of  t h e  phenomena could  l e a d  t o  b e t t e r  d r a g  r e d u c t i o n  t e c h n o l o g y  
and f u r t h e r  u n d e r s t a n d i n g  of  t h e  phys ics  of t h e  t u r b u l e n t  houndary layer.  
Basic Exper imenta l  A p p a r a t u s  
The e x p e r i m e n t a l  s t u d y  was conducted i n  t h e  r e c e n t l y  c o n s t r u c t e d  NCSU 
Boundary Layer  Wind T u n n e l l a .  
(-7.0 m) t o  a c h i e v e  h i g h  F-eynolds Numbers a t  l o w  s p e e d s ,  a v e l o c i t y  r a n g e  from 
4.0 t o  33.0 m / s  and e x t r e m e l y  uniform mean f l o w  w i t h  t u r b u l e n c e  i n t e n s i t i e s  
less  t h a n  0.25 p e r c e n t .  A s i n g l e  LEBU b l a d e  was c a r e f u l l y  f a h r i c a t e d  from 
s t a i n l e s s  s t ee l  s h i n s t o c k  and mounted a t  a d i s t a n c e  of 2.0 m f rom t h e  l e a d i n g  
edqe  of t h e  t e s t  s e c r i o n  ( f i g u r e  1) .  The m a n i p u l a t o r  e x t e n d s  t h r o u g h  t h e  walls 
of t h e  t e s t  s e c t i o n  a t  a h e i c h t  above t h e  wind t u n n e l  floor e q u a l  t o  90 p e r c e n t  
of t h e  l o c a l  boundary l a y e r  t h i c k n e s s .  The d e v i c e  was nounted o u t s i d e  of  t h e  
t e s t  s e c r i o n  w i t h  a c c u r a t e  c o n t r o l  over  the  LEBU's h e i g h t ,  a n g l e  of at tack and 
t e n s i o n .  Independent  a d j u s t m e n t  of both e n d s  of t h e  device i s  p o s s i b l e .  The 
mount s t a n d s  i n d e p e n d e n t l y  from t h e  wind t u n n e l  t o  e l i m i n a t e  p o s s i b l e  
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v i b r a t i o n s  of t h e  s t r e t c h e d  p l a t e .  The LEBU e x t e n d s  th rough  o p e n i n g s  i n  t h e  
wind t u n n e l  s i d e  walls a c r o s s  t h e  f u l l  s p a n  of t h e  t es t  s e c t i o n .  A s a n d p a p e r  
t y p e  t r i p  i s  mounted s t a r t i n g  4.0 cm f rom t h e  l e a d i n g  edge of t h e  test  s e c t i o n  
f l o o r  and e x t e n d i n g  21.0 cm downstream. The t r i p  q u i c k l y  e s t a b l i s h e s  a f u l l y  
deve loped  t u r b u l e n t  boundary layer  wi th  a comple t e  range of l e n g t h  scales. 
Details of t h e  f l o w  are a v a i l a b l e  i n  r e f e r e n c e  18. 
Measurements of t h e  boundary l a y e r  p r o f i l e  downstream of t h e  m a n i p u l a t o r  
p l a t e  were o b t a i n e d  u s i n g  a small boundary l aye r  p i t o t  p robe  (0.5 mm o u t s i d e  
d i a m e t e r ) .  A r e m o t e l y  c o n t r o l l e d  t r a v e r s i n g  mechanism ~7as used t o  ass i s t  wi th  
a c c u r a t e  p r o b e  p o s i t i o n i n g .  The t r a v e r s i n g  d e v i c e  p r o v i d e s  p robe  movement o v e r  
t h e  Y-Z p l a n e  i n  t h e  wind t u n n e l  t e s t  s e c t i o n  ( f i g u r e  1) wi th  a p o s i t i o n i n g  
a c c u r a c y  of k0.1 mm. The p r e s s u r e s  f rom t h e  boundary layer p robe  were 
measured with a d i f f e r e n t i a l  pressure t r a n s d u c e r  wh i l e  s t a t i c  p r e s s u r e  w a s  
o b t a i n e d  from t a p s  i n  t h e  t e s t  s u r f z c e .  Approximate ly  200 samples were 
o h t a i n e d  and a v e r a g e d  a t  each  p o i n t  and t h e  v e l o c i t y  p r o f i l e  was de te rmined  by 
40 s u c h  p o i n t s .  A D i g i t a l  16 b i t  r e s o l u t i o n  d a t a  a c q u i s i t i o n  s y s t e m  w a s  
u t i l i z e d  t o  p r o c e s s  t h e  measured d a t a  and m o n i t o r  t h e  t u n n e l  o p e r a t i o n .  
The momentum t h i c k n e s s ,  8 ,  i s  c a l c u l a t e d  f rom i t s  d e f i n i t i o n  by 
n u m e r i c a l l y  i n t e g r a t i n g  t h e  a p p r o p r i a t e  f u n c t i o n  of t h e  v e l o c i t y  p r o f i l e  o v e r  
t h e  boundary l a y e r  t h i c k n e s s .  For zero p r e s s u r e  g r a d i e n t  two-dimens iona l  f l o w  
Von K a r m a n ' s  Piomenturn I n t e g r a l  Equat ion  r e d u c e s  t o :  
Cf /2  = de /dx  , (1) 
where Cf i s  t h e  local s k i n  f r i c t i o n  c o e f f i c i e n t  and x i s  t h e  a x i a l  d i r e c t i o n .  
T 5 e  3oceztum t h i c k n e s s ,  8 ,  i s  d e t e r n i n e d  as d e s c r i b e d  above f o r  a p l u r a l i t y  of 
p o s t t i o n s  d o m s t r 2 a n  o f  rrhe U B U .  The v a l u e s  can be f i t  t o  a power c u r v e  of 
t h e  f o m :  
( 2 )  b 0 = ax 
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H.ence t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  is  r e p r e s e n t e d  by 
Cf = 2.0 abx(b - l ) .  ( 3 )  
T h i s  e x p r e s s i o n  p r o v i d e s  o n l y  a n  average  magni tude  and x-dependence. 
The momentum t h i c k n e s s ,  8 ,  i s  of p r i m a r y  i n t e re s t  because  i t  r e p r e s e n t s  
b o t h  Cf and t h e  n e t  d r a g  i n  t h e  e n t i r e  s h e a r  layer  r e g i o n ,  i n c l u d i n g  t h e  d r a g  
of t h e  m a n i p u l a t o r  p l a t e .  F i g u r e  2 shows measured and  t h e o r e t i c a l  v a l u e s  of a 
v e r s u s  downstream d i s t a n c e  x f o r  t h e  b a s e l i n e  case of t h e  boundary  l a y e r  
w i t h o u t  m a n i p u l a t i o n .  The s o l i d  l i n e  r e p r e s e n t s  a p r e d i c t i o n  by Head ' s  
Me thod lg .  Head ' s  Method w a s  a p p l i e d  f o r  z e r o  p r e s s u r e  g r a d i e n t  f l o w  and w a s  
i n i t i a l i z e d  a t  t h e  end of t h e  sandpaper  t r i p  w i t h  a momentum t h i c k n e s s  
p r e d i c t e d  u s i n g  a n  e r n p i r i c a l  fo rmula  from IJhi te20 and a n  assumed s h a p e  
p a r a m e t e r  H = 1.375. The expe r imen ta l  v a l u e s  were o b t a i n e d  by a v e r a g i n g  3 
p o i n t s  a c r o s s  t h e  s p a n  of t h e  t es t  s u r f a c e .  Xgreenent  betweer. t h e  p r e d i c t e d  
and measured v a l u e s  was found s a t i s f a c t o r y  wi th  a maximum 6 e v i a t i o n  of 3 
percent. 
The v e l o c i t y  p r o f i l e  f o r  t h e  p l a i n  f l o w  c o n f i g u r a t i o n  w a s  compared t o  a 
m o d i f i e d  C o l e s '  p r o f i l e 1 9  a t  a n  axial l o c a t i o n  2.5 m from t h e  t e s t  s e c t i o n  
l e a d i n g  edge. The maximum d e v i a t i o n  between p r e d i c t e d  and measured v e l o c i t y  
f i g u r e  3 ,  w a s  2 p e r c e n t .  The b a s e l i n e  f l o w  wi thou t  a boundary . l ayer  
m a n i p u l a t o r  i s  t h u s  a c lass ic  f u l l y  deve loped  t u r b u l s n t  boundary l a y e r  on a 
f l a t  p l a t e .  
The e x p e r i m e n t a l  a r rangement  t o  a c o u s t i c a l l y  e x c i t e  t h e  LEBU t r a i l i n g  edge 
i s  shown i n  f i g u r e  4 .  X h o t  f i l m  probe i s  p o s i t i o n e d  ups t ream of t h e  LEBU 
d e v i c e  a t  t h e  LEX1 h e i g h t .  The s i g n a l  f r o n  t h e  s e n s o r  i s  o u t p u t  f r o n  an 
anemometer i n t o  a s p e c i a l l y  d e s i g n e d  p r o c e s s o r .  The p r o c e s s o r  r e sponds  o n l y  t o  
large e x c u r s i o n s  of t h e  h o t  f i l m  s i g n a l .  The t h r e s h o l d  l e v e l  V,, which 
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s e l e c t i o n  of a l ower  l i m i t  of l a r g e  scale e d d i e s  t o  rd-~ich  t h e  p r o c e s s o r  w i l l  
r e spond .  Edd ies  w i t h  v e l o c i t y  f l u c t u a t i o n s  below t h i s  t h r e s h o l d  l e v e l  are 
i g n o r e d  wh i l e  e d d i e s  w i t h  a s s o c i a t e d  v e l o c i t y  e x c u r s i o n s  beyond t h e  t h r e s h o l d  
l e v e l  produce  a r e s p o n s e  f rom t h e  p r o c e s s o r .  The r e s p o n s e  i s  a s i g n a l  w i t h  
c h a r a c t e r  and d u r a t i o n  e q u a l  t o  t h e  anemometer ' s  l a r g e  f l u c t u a t i o n s  as shown on 
t h e  d u a l  trace o s c i l l o s c o p e  d i s p l a y  of f i g u r e  5 .  The r e s p o n s e  of t h e  p r o c e s s o r  
must a l s o  be t i m e  d e l a y e d  and a m p l i f i e d .  The time d e l a y ,  t ,  is set  e q u a l  t o  
t h e  large eddy c o n v e c t i o n  t i m e  between t h e  u p s t r e a m  h a t  f i l m  s e n s o r  and t h e  
LEBU t r a i l i n g  edge .  
The p r o c e s s o r  r e s p o n s e  i s  t h e n  used  t o  d r i v e  a c o u s t i c  waves from a 
l o c a t i o n  on t h e  f l o o r  of t h e  wind t u n n e l  be low t h e  t r a i l i n g  edge  of t h e  LEBU. 
The a c o u s t i c  waves can  t h e r e f o r e  be made t o  a r r i v e  a t  t h e  LEBU t r a i l i n g  edge  
t o g e t h e r  wi th  t h e  i n c i d e n t  l a r g e  e d d i e s .  I n  t h i s  manner t h e  v o r t i c i t y  shed  
f rom t h e  LERU,  which a p p a r e n t l y  i n f l u e n c e s  t h e  eddy c a n c e l l a t i o n ,  c a n  be 
m o d i f i e d .  The p r e s s u r e  p u l s e  d e v i c e  c o n s i s t s  of an  8 i n c h  woofer  s p e a k e r  which 
i s  seal  mounted on t h e  wide s i d e  of a c o n i c a l  channe l .  
Opera t ing  C o n d i t i o n s  
The s p a t i a 1 , a n d  t empora l  v a r i a t i o n  of t h e  t es t  s e c t i o n  mean f l o w  i s  
a p p r o x i m a t e l y  0.2 p e r c e n t  wh i l e  t h e  momentum t h i c k n e s s  a c r o s s  t h e  tes t  s e c t i o n  
s p a n  v a r i e d  less t h a n  4 p e r c e n t  of t h e  mean v a l u e .  These spa11 d e v i a t i o n s  
combined wi th  t h e  measured f l o w  c h a r a c t e r i s t i c s  a l l o w  t h e  a s sumpt ion  of a two 
d i n e n s i o n a l  e r g o d i c  t u r b u l e n t  boundary l aye r .  
Th wind t u n n e l  v e l o c i t y  i s  set  f o r  a u n i t  Revnolds !!u;.rher of 700,00O/n. 
The c o r r e s p o n d i n g  t y p i c a l  mean f l o w  v e l o c i z y  i s  a p p r o x i m a t e l y  l!n/s and t h e  
Reynolds  Yumber based  upon t h e  nonentum t h i c k n e s s  a t  t h e  LFBU l o c a r i o n  i s  
abou t  3,100. The boundary l a y e r  t h i c k n e s s ,  6 ,  a t  t h e  LERU l o c a t i o n  i s  
10 
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F i g .  5. Time d e l a y e d  processor r e s p o n s e  t o  i n c i d e n t  f l o w ,  
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a p p r o x i m a t e l y  4.0 c m .  The LEBU chord l e n g t h  i s  -0.906,  i t s  h e i g h t  above t h e  
t e s t  s u r f a c e  i s  -0 .86 ,  and i t s  t h i c k n e s s  i s  -0.0056. These  d imens ions  comply 
w i t h  t h e  recommendat i o n s  of r e f e r e n c e  14. 
I 
The ups t r eam h o t  f i l m  probe  was p o s i t i o n e d  a t  midspan of t h e  t e s t  s u r f a c e  
a t  a h e i g h t  Of 0.856 , and a t  a d i s t a n c e ,  s , of 2.456 ups t r eam of t h e  LEBU 
t r a i l i n g  edge. T h i s  p r o b e ,  used  t o  detect t h e  i n c i d e n t  e d d i e s  , w a s  p o s i t i o n e d  
as c l o s e  as p o s s i b l e  t o  t h e  LEBU t r a i l i n g  edge because  t h e  large e d d i e s  l o s e  
t h e i r  coherence2  a f t e r  a d i s t a n c e  of abou t  46. The l o c a t i o n  of t h e  large eddy 
d e t e c t o r  probe  must h e ,  however ,  f a r  enough ups t r eam i n  o r d e r  t o  p r e v e n t  a 
f e e d b a c k  from t h e  a c o u s t i c  p u l s e s .  A t  t h i s  l o c a t i o n  t h e  eddy d e t e c t o r  probe 
d i d  n o t  respond t o  t h e  a c o u s t i c  i n p u t .  The axis of t h e  Drobe s u p p o r t  was 
i n c l i n e d  a t  45 d e g r e e s  wi th  respect t o  t h e  t e s t  s e c t i o n  v e r t i c a l  p l a n e  of 
s y m m e t r y  t o  a v o i d  p r o b e  i n t e r f e r e n c e  wi th  t h e  downstream f l o w  f i e l d .  The 
p r o c e s s o r  r e s p o n s e  was s e t  at t = s/0.93Uo; a t y p i c a l  v a l u e  of t w a s  10 msec. 
The p r e s s u r e  p u l s e  mechanism was mounted u n d e r  t h e  tes t  s u r f a c e  a t  midspan 
be low t h e  LEBU d e v i c e  t r a i l i n g  edge. The a c o u s t i c  i n p u t  w a s  d i r e c t e d  t o  t h e  
LEBU t r a i l i n g  edge  t h r o u g h  a circular open ing  (31’8 i n c h  d i a m e t e r )  covered  wi th  
f i n e  s c r e e n  f l u s h  mounted t o  t h e  t e s t  s u r f a c e .  A f i rs t  approx ima t ion  € o r  t h e  
r e a u i r e d  sound p r e s s u r e  l e v e l  of t h e  a c o u s t i c  waves w a s  o b t a i n e d  by 
c o n s i d e r i n g  t h e  houndary l a y e r  p r e s s u r e  p e r t u b a t i o n s  n e a r  t h e  t r a i l i n g  edge of 
a f l a t  p l a t e .  R e f e r e n c e  21 p r o v i d e s  a method t o  p r e d i c t  t h e  p e r t u r b a t i o n  
p r e s s u r e  a t  t h e  t r a i l i n g  edge of a f l a t  p l a t e  i n  an  i n v i s c f d  flow. The  t h e o r y  
of a s y m p t o t i c  e x p a n s i o n s  i s  used t o  s o l v e  t h e  Navler -S tokes  e q u a r i o n s  f o r  a 
laminar boundary l a y e r  on t h e  p l a t e .  The f l u c c u a t i n e  p r e s s u r e  a t  t h e  t h i n  
p l a t e  t r a i l i n g  edge w a s  p r e d i c t e d  t o  be 99.9 d 3  f o r  t h e  p i v e n  c o n d i t i o n s .  This 
i s  not  t h e  p r e s s u r e  f l u c t u a t i o n  gene ra t ed  by an oncoming e d d y ,  hu t  r a t h e r  t h e  
t y p i c a l  p r e s s u r e  f l u c t u a t i o n  at t h a t  l o c a t i o n .  It w a s  d e c i d e d ,  t h e r e f o r e  , t o  
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i n p u t  a n  a c o u s t i c  p r e s s u r e  p u l s e  with a t i m e  rnean of 100 dB. The d e v i c e  w a s  
a d j u s t e d  u s i n g  a s i n e  wave i n p u t  and t h e  &IS s i g n a l  from 0 t o  2000 H, was 
measured a t  g r a z i n g  i n c i d e n c e  above t h e  a c o u s t i c  o u t p u t  p o r t  a t  t h e  LEBU's 
h e i g h t .  
R e s u l t s  and D i s c u s s i o n  
T u r b u l e n t  boundary l a y e r  v e l o c i t y  p r o f i l e s  were o h t a i n e d  a t  midspan 
l o c a t i o n s  d o w n s t r e a n  of  t h e  LEBU m a n i p u l a t o r .  
c a l c u l a t e d  and p l o t t e d  v e r s u s  downstream d i s t a n c e ,  x ,  from t h e  t e s t  s u r f a c e  
The nomentum t h i c k n e s s ,  8, w a s  
l e a d i n g  edge. F i g u r e  6 shows t h e  a x i a l  v a r i a t i o n  of 0 f o r :  
i. p l a i n  f l o w  w i t h  t h e  upstream eddy d e t e c t o r  s e n s o r  i n s t a l l e d  b u t  n o t  
o p e r a t i n g ,  
ii. t h e  LEBU c o n f i g u r a t i o n  (ups t ream s e n s o r  i n s t a l l e d  b u t  no t  o p e r a t i n g )  
and 
iii. t h e  LERU c o n f i g u r a t i o n  with a c o u s t i c  e x c i t a t i o n .  
The monentum t h i c k n e s s  f o r  t h e  p l a i n  f l o w  case, wi thout  t h e  large eddy 
break-up d e v i c e  i n s t a l l e d ,  was a l s o  measured w i t h  a c o u s t i c  e x c i t a t i o n  a p p l i e d .  
The eddy d e t e c t o r ,  s i g n a l  p r o c e s s o r  and a c o u s t i c  i n p u t  a r e  i n d e p e n d e n t  f rom t h e  
LERU. The r e s u l t i n g  d a t a  are n e a r l y  i d e n t i c a l  t o  t h a t  of t h e  p l a i n  f l o w  case 
w i t h o u t  e x c i t a t i o n .  Lhen a c o u s t i c  e x c i t a t i o n  i s  a p p l i e d  t o  t h e  p l a i n  f l o w  case 
the a v e r a g e  momentum t h i c k n e s s  i n c r e a s e s ,  by less t h a n  0.5 p e r c e n t .  T h i s  
n e a r l y  n e g l i g i b l e  i n c r e a s e  can be compared t o  r e d u c t i o n s  i n  momentum t h i c k n e s s  
t h a t  o c c u r  when a c o u s t i c  e x c i t a t i o n  i s  a p p l i e d  t o  t h e  LEBV. The exci:e$ p l a i n  
c a s e  da ta  h a s  t S e r e f o r e  been omi t ted  f rom f i q ~ ~  6 f o i  t h e  s a k e  of c l a r i c y .  
The nonentum t h i c k n e s s  of t h e  n a n i p u l a t e d  f l o w  i s  q r e a t e r  t h a n  t h e  p l a i n  
f l o w  case b e c a u s e  of monentun l o s s  i z p o s e d  by t h e  embedded t h i n  p l a t e .  The 
momentum t h i c k n e s s  n e a r  t h e  LEBU t r a i l i n g  edge  ( 4  houndary l a y e r  t h i c k n e s s e s  
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downstream) i s  w i t h i n  5 p e r c e n t  of the sum of t h e  momentum t h i c k n e s s  of  t h e  
p l a i n  f l o w  case and t h e  momentum t h i c k n e s s e s  of t h e  l a m i n a r  houndary layers  
p r e d i c t e d  t o  d e v e l o p  on t h e  s u r f a c e  of t h e  p l a t e .  
The a c o u s t i c a l l y  e x c i t e d  case produces a n  e v e n  greater momentum l o s s  a t  
t h i s  l o c a t i o n .  I f  t h e  a c o u s t i c  i n p u t  w a s  mere ly  t r i p p i n g  t h e  l a m i n a r  boundary 
l a y e r ,  one might hope t o  r e p e a t  t h e  above momentum t a b u l a t i o n  u s i n g  t u r b u l e n t  
boundary layers on  t h e  LEBIJ p l a t e .  
a c o u s t i c  i n p u t  i s ,  however ,  approximate ly  t e n  t i n e s  t h e  e x p e c t e d  i n c r e a s e  t h a t  
could  b e  a t t r i b u t e d  t o  t u r b u l e n t  boundary l a y e r s .  These  resul ts  s u g g e s t  a n  
a d d i t i o n a l  mechanism may be  a c t i v e  d u r i n g  t h e  a c o u s t i c  e x c i t a t i o n .  
The  n e a s u r e d  i n c r e a s e  i n  0 w i t h  t h e  
F u r t h e r  downstream a t  x = 2.6 m (156 from t h e  1,EBIJ) t h e  nonentum t h i c k n e s s  
of t h e  a c o u s t i c a l l y  exci,ted c o n f i g u r a t i o n  relaxes t o  t h a t  of t5e u n e x c i t e d  LEBU 
and grows a t  a s l o w e r  rate.  The sane  t r e n d  i s  n o t e d  a t  x = 3.8 m where t h e  
momentum t h i c k n e s s  of t h e  a c o u s t i c a l l y  e x c i t e d  f l o w  hecones less t h a n  t h e  p l a i n  
f l o w  c o n f i g u r a t i o n .  T h i s  i s  a clear i n d i c a t i o n  of reduced  s k i n  f r i c t i o n  
c o e f f i c i e n t .  
The momentum t h i c k n e s s  can b e  used t o  c a l c u l a t e  t h e  t o t a l  d r a g  c o e f f i c i e n t  
a t  t h i s  p o i n t 2 2 .  
volume bounded by t h e  tes t  s u r f a c e  and t h e  u n d i s t u r b e d  flow and e x t e n d i n g  from 
t h e  t e s t  s u r f a c e  l e a d i n g  edge  t o  t h e  a x i a l  l o c a t i o n  x. The t o t a l  2 r a g  
c o e f f i c i e n t  i s  t h e n  g i v e n  by: 
To do s o ,  a monentun b a l a n c e  i s  a p v l i e d  u s i n g  a c o n t r o l  
C D ( X )  = 2.00(X)/x ( 4 )  
F i g u r e  6 nust :hen be r e c o n s i d e r e d  n o t i n g  t 5 a t  t h e  noventurn t h i c k n e s s  f o r  
a n  a c o u s t i c a l l y  exci:ed LEBU f l o w  i s  lower  t h a n  t h 2  o t h e r  c o n f i g u r a t i o n s  a t  
ax ia l  l o c a t i o n s  beyond a b o u t  1.8 m from t h e  LE3n's t r a i l i n g  edae.  The n e t  d r a g  
r e d u c t i o n  i s  e v i d e n t .  
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The v a r i a t i o n  of  s k i n  f r i c t i o n  c o e f f i c i e n t ,  Cf , v e r s u s  t h e  a x i a l  d i s t a n c e  
from t h e  t es t  s u r f a c e  l e a d i n g  edge  is shown i n  f i g u r e  7 .  A l l  measurements  were 
o b t a i n e d  a l o n g  t h e  t es t  s u r f a c e  midspan. T h e s e  p o i n t s  are a l i g n e d  w i t h  t h e  
u p s t r e a m  s e n s o r  and t h e  a c o u s t i c  i n p u t  p o i n t .  The u n e x c i t e d  LEBU c o n f i g u r a t i o n  
and t h e  a c o u s t i c a l l y  exci ted LEBU c o n f i g u r a t i o n  s h o u l d  be  compared t o  t h e  p l a i n  
f low.  
All l eas t  s q u a r e  c u r v e  f i t s  had a c o r r e l a t i o n  c o e f f i c i e n t  above  0.90.  
A c c o r d i n g  t o  t h e  v a l u e s  of t h e  s k i n  f r i c t i o n  c o e f f i c i e n t ,  a c o u s t i c  e x c i t a t i o n  
c a n  enhance  t h e  LEBU's  e f fec t  by reducing  Cf a n  a d d i t i o n a l  7 t o  15 p e r c e n t  
below t h e  u n e x c i t e d  case. Comparison t o  t h e  p l a i n  f l o w  shows a r e d u c t i o n  of 
t h e  wall s h e a r  stress between 9 and 19 p e r c e n t .  
The h o t  f i l m  eddy d e t e c t o r  sensor w a s  i n s t a l l e d  f o r  a l l  c o n f i g u r a t i o n s .  
L i m i t e d  da t a  were o b t a i n e d  at  v a r i o u s  s p a n w i s e  l o c a t i o n s .  These  d a r a ,  
x h i c h  w i l l  be d i s c u s s e d  i n  a later p a p e r ,  show t h a t  t h e  b e n e f i c i a l  e f f e c t s  of 
a c o u s t i c  e x c i t a t i o n  are c o n f i n e d  t o  a n a r r o w  r e g i o n  downstream of t h e  a c o u s t i c  
e x c i t a t i o n  p o i n t .  The r e g i o n  of i n c r e a s e d  d r a g  r e d u c t i o n  caused  hy e x c i t a t i o n  
s p r e a d s  wi th  a h a l f  a n g l e  of about  2 1 / 2  d e g r e e s .  
Space-t ime c r o s s  c o r r e l a t i o n  f u n c t i o n s  (CCF) were o b t a i n e d  u s i n g  th.e h o t  
f i l m  eddy d e t e c t o r  probe  ups t ream of t h e  LEBU p l a t e  as a f i x e d  r e f e r e n c e  
l o c a t i o n  and a n o t h e r  h o t  f i l m  probe  a t  s e v e r a l  d o m s t r e a m  l o c a t i o n s .  A d u a l  
c h a n n e l  TSI anemometer was u t i l i z e d  and t h e  h o t  f i l m  probe o u t p u t  s i g n a l s  were 
p r o c e s s e d  wi th  a N i c o l e t  660B FFT a n a l y z e r .  
F i g u r e  8 shows peak  v a l u e s  of the  space- t ime c r o s s  c o r r e l a t i o n  f u n c t i o n s  
v e r s u s  probe  s e p a r a t i o n  d i s t a n c e ,  d ,  a t  v a r i o u s  d i s t a n c e s  f r o n  t h e  LEBE 
t r a i l i n g  edce n e a r  t h e  o u t e r  edge  of t h e  boundary layer.  Lhen t h e  d o ~ m s z r 2 a n  
p r o b e  i s  l o c a t e d  u p s t r e a m  of t h e  LEDBU, t h e  a c o u s t i c  i n p u t  c a u s e s  s n d  in- 
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b o t h  t h e  large scale e d d i e s  and t h e  a c o u s t i c  f i e l d .  The c o r r e l a t i o n  peak  i s  
a s s o c i a t e d  w i t h  t h e  eddy c o n v e c t i o n  t ime and not  t h e  a c o u s t i c  wave p r o p a R a t i o n  
t i m e .  A t  t h e  t r a i l i n g  edge  of  t h e  p l a t e ,  t h e  flow w i t h o u t  e x c i t a t i o n  m a i n t a i n s  
a maximum CCF a p p r o x i m a t e l y  e q u a l  t o  t h a t  o b s e r v e d  a t  t h e  l e a d i n g  edge.  The 
wake of t h e  LEBU i n  t h i s  case i s  c l e a r l y  c o r r e l a t e d  t o  t h e  i n c i d e n t  f l o w .  The 
t i m e  of maximum c r o s s  c o r r e l a t i o n  a g a i n  c o r r e s p o n d s  t o  t h e  eddy c o n v e c t i o n  
t i m e .  Vnen a c o u s t i c  e x c i t a t i o n  i s  a p p l i e d ,  t h e  downstream flow i s  less 
c o r r e l a t e d  t o  t h e  u p s t r e a m  p o i n t .  T h i s  i n d i c a t e s  t h a t  a c o u s t i c  e x c i t a t i o n  of 
t h e  LEBU enhances  t h e  d e s t r u c t i o n  of t h e  large e d d i e s  which are s e n s e d  a t  t h e  
u p s t r e a m  l o c a t i o n .  A t  l o c a t i o n s  f u r t h e r  downst ream,  t h e  peak  CCF are a u i t e  
scall b u t  t h e  a c o u s t i c a l l y  excited c a s e  e x h i b i t s  s l i g h t l y  h i g h e r  v a l u e s  t h a n  
t h e  u n e x c i t e d  c2s2. 
The v a l u e s  of t h e  CCF are d i f f e r e n t  when t h e  downstream p r o b e  i s  e n e r g e d  
d e e p e r  i n t o  t h e  houndary l a y e r  as shown i n  f i g u r e  9. J u s t  below t h e  h e i g h t  of 
t h e  LEBU,  f i g u r e  9 a ,  t h e  a d d i t i o n  of a c o u s t i c  e x c i t a t i o n  h a s  a v e r y  l i m i t e d  
effect .  The r e d u c t i o n  of t h e  CCF is a p p r o x i m a t e l y  t h e  same as t h e  u n e x c i t e d  
case. These  d a r a  i n d i c a t e  t h a t  the  phase l o c k e d  e x c i t a t i o n  i n f l u e n c e s  t h e  
o u t e r  r e g i o n  of t h e  boundary l a y e r  whereas t h e  u n e x c i t e d  LEBU t e n d s  t o  
i n f l u e n c e  a r e g i o n  s l i g h t l y  c l o s e r  t o  t h e  w a l l .  F i g u r e  9b i n d i c a t e s  l i t t l e  
i n f l u e n c e  from e i t h e r  t h e  u n e x c i t e d  o r  e x c i t e d  LERU a t  a probe  h e i g h t  of 
a p p r o x i m a t e l y  60 p e r c e n t  of t h e  boundary l a y e r  t h i c k n e s s .  In f i g u r e  9b t h e  
f l o w  has p a s s e d  u n d e r  t h e  m a n i p u l a t o r  d e v i c e .  The e f f e c t s  of t h e  LEBU and t h e  
a c o u s t i c  e x c i t a c i o n  upon t h e  LEBU o r i g i n a t e  n e a r  t h e  LE211 t r a i l i n g  edge .  It 
s h c u l 2  h e  nored  t h a t  t h e  u p s t r e a n  prabe w a s  t h e  eddy d e t e c t o r  probe  and 
r e d n e d  i n  a f i x e d  l o c a t i o n  f o r  a l l  daca of figures 8 and 9. F u r t h e m o r e ,  all 
t ine  d e l a y  v a l u e s  a s s o c i a t e d  w i t h  the  c r o s s  c o r r e l a t i o n  f u n c t i o n  peaks 
c o r r e s p o n d  t o  e x p e c t e d  large eddy c o n v e c t i o n  times. 
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P r o b e  s e p a r a t i o n  d i s t a n c e  d (d/&') 
F i g u r e  9. 11aximn space-time v e l o c i t y  cross c o r r e l a t i o n  inside 
the  boundary layer. 
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Turbu lence  i n t e n s i t y  i n  t h e  low f r e q u e n c y  p a r t  of  t h e  s p e c t r u m  w a s  
examined downstream of the man ipu la to r  p l a t e .  A h o t  f i l m  p robe  w a s  p o s i t i o n e d  
s l i g h t l y  above (1.5 nun) t h e  LEBU's h e i g h t  and  t h e  t u r b u l e n c e  s p e c t r u m  w a s  
measured from 0 t o  2000 Hz. F i g u r e  10 compares  t h e  ICZS v a l u e  of t u r b u l e n c e  f o r  
t h e  a c o u s t i c a l l y  e x c i t e d  f l o w  t o  the  u n e x c i t e d  LEBU c o n f i g u r a t i o n  a t  s e v e r a l  
dormstream p o i n t s .  The low f requency  t u r b u l e n c e  i s  c o n s i d e r a b l y  r educed  f o r  a 
d i s t a n c e  of 86 downstream of t h e  LEBU when a c o u s t i c s  are a p p l i e d .  \hen t h e  low 
f r e q u e n c y  part of  t h i s  s i g n a l  ( 0  t o  200 Hz) i s  examined,  t h e  l e v e l  of t h e  
t u r b u l e n c e  i n t e n s i t y  a p p e a r s  f u r t h e r  reduced .  T h i s  r ange  of f r e q u e n c i e s  
c o r r e s p o n d s  t o  large eddy p a s s i n g  which would o c c u r  n e a r  110 Hz and dominate  
t h e  l o w  f r e q u e n c y  spec t rum.  The r e l a t i v e l y  h i g h e r  f r e q u e n c i e s  (200 t o  2,000 
Hz) r ema in  l a r g e l y  u n a f f e c t e d  by the  a c o u s t i c  i n p u t .  Onlv t h e  large w i v e l e n g t h s  
of t h e  t u r b u l e n t  boundary  l z y e r  are d i r e c t l y  a f fec ted  when the  f l o w  i s  
a c o u s t i c a l l y  e x c i t e d .  The measurements of t h e  PIS v e l o c i t y  f l u c t u a t i o n  were 
l i m i t e d  t o  a d i s t a n c e  of  abou t  106 downstream o f  t h e  LEBU. 
F u r t h e r  downst ream,  w i t h i n  t h e  area of  e x c i t a t i o n  i n f l u e n c e ,  s u b t l e  
changes  i n  t h e  boundary  l a y e r  are observed.  For example, i n  t h e  r e g i o n  of n e t  
d r a g  r e d u c t i o n  the  P f S  f l u c t u a t i o n  of t h e  streamwise v e l o c i t y  component i s  
s l i g h t l y  reduced  o v e r  t h e  e n t i r e  t h i c k n e s s  of t h e  houndary l a y e r .  T h i s  i s  
i n d i c a t i v e  of changes  i n  t h e  shear stress d i s t r i b u t i o n .  
To b e t t e r  u n d e r s t a n d  t h e  i n f l u e n c e  of t h e  f l o w  m a n i p u l a t i o n ,  a p u l s e d  
smoke wire was used  t o  o b t a i n  f l o w  v i s u a l i z a t i o n  pho tographs .  The smoke wire 
w a s  r?ount td  downs:ream of t h e  Fa rLyu la to r  ac i l idspan  i n  t h e  t u n n e l .  The f i n e  
wirss ran v e r z i c a l l g  f r o m  Che u i z d  :unnel f l o o r  th rounh t h e  houndarv l a y e r .  
F i g u r e  11 shows t y p i c a l  r e s u l t s  f o r  t h e  t h r e e  cases of c o n c e m .  me large eddy 
break-up d e v i c e  r e d u c e s  t h e  l a r g e  s c a l s  s t r u c t u r e  i n  t h e  houndary  l a y e r  and 
a c o u s t i c  e x c i t a t i o n  of t h e  d e v i c e  causes  f u r t h e r  r e d u c t i o n  i n  c o h e r e n t  motion. 
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22 
ORIGINAL PAGE Is 




Fig. 11. Boundary layer f low visuzlization f o r  the: ( A )  p l a i n  
c a s e ,  ( B )  E B U  m a n i m l a t e d  and (C) acoustically e x c i t e d  
LESU c o n f i g u r a t i o n s .  
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The r e s u l t s  were o b t a i n e d  a t  approx ima te ly  3 5 6  downstream of t h e  m a n i p u l a t o r .  
The sound waves at t h e  LEBU t r a i l i n g  edge  a p p a r e n t l y  shed  v o r t i c i t y  which h e l p s  
c a n c e l  t h e  oncoming large e d d i e s .  
The p o s s i b i l i t y  of v e r t i c a l  o s c i l l a t i o n  of t h e  t h i n  r i b b o n  when ' h i t '  by 
a c o u s t i c  waves was examined. The goal of t h i s  s t u d y  i s  t o  c o n t r o l  t h e  large 
e d d i e  break-up p r o c e s s  w i t h o u t  moving t h e  LEBU. Mot ion  of t h e  d e v i c e  cou ld  
g e n e r a t e  more d i s t u r b a n c e s  i n  t h e  f low and a l t e r  t h e  boundary  l a y e r  on t h e  
d e v i c e .  A small a c c e l e r o m e t e r  w a s  mounted on t h e  LEBU above t h e  a c o u s t i c  wave 
i n p u t  p o r t .  Vertical  d i s p l a c e m e n t  mesurements were o b t a i n e d  w i t h  no flow; t h e  
p r e s s u r e  p u l s e  d e v i c e  w a s  e x c i t e d  with a p r e v i o u s l y  r e c o r d e d  anemometer s i g n a l  
from t h e  t u r b u l e n t  boundary  l a y e r .  The iiieasaied v e r t i c a l .  d i s p l a c e m e n t ,  when 
a c o u s t i c s  -re a p p l i e d ,  bras i n d i s t i n g u i s h a b l e  f ron t h e  backgrouml e l e c z i o ~ c  
n o i s e .  The reduced  c o r r e l a t i o n  of t h e  f l o w  a c r o s s  t h e  LEBU and r e d u c z i o n  of 
F?IS v e l o c i t y  f l u c t u a t i o n s  w i t h  a c o u s t i c s  c a n  be only a t t r i b u t e d  t o  t h e  
i n t e r a c t i o n  of t h e  a c o u s t i c  i n p u t  and t h e  f i x e d  LEBU,  not  t h e  n o t i o n  of t h e  
m a n i p u l a t o r  d e v i c e .  
Concluding Remarks 
Accord ing  t o  t h e s e  r e s u l t s  a n  a c o u s t i c  p u l s e  of t h e  p r o p e r  sound p r e s s u r e  
l e v e l  which i s  phase  locked  t o  t h e  convected large scale s t r u c t u r e  can  enhance  
t h e  e f f e c t i v e n e s s  of a p l a t e  man ipu la to r .  La rge  scale e d d i e s  c o n t r i b u t e  
a p p r o x i m a t e l y  50 p e r c e n t  of t h e  t u r b u l e n t  ene rgy  and 80 p e r c e n t  of t h e  
Reynol2s s t r e s s  when t h e  o u t e r  p a r t  of  t h e  boundary l a v e r  i s  c o n s i 2 e r e d 2 .  
T u r h l t n t  b c i s t i n q  i n  t h e  s u b l a y e r  accoun t s  f o r  n o s t  of t h e  t u r h d e z c e  a d  
Keynoids s t ress  c l o s e  t o  t h e  w a l i 2 '  2'. 
r e l a t e d  t o  t h e  t r i g g e r i n g  o f  ' b u r s t i n g '  e v e n t s  i n  t h e  s u b l a y e r ,  t h e n  t h e  
enhanced  large eddy r i e s t r u c t i o n  can i n f l u e n c e  w a l l  e v e n t s .  
r 
i f  tne passage  of t h e  l a r p  e d d i e s  i s  
Energy exchange 
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between t h e  mean f l o w  and t u r b u l e n c e  is a l s o  governed  by  t h e  dynamics of t h e  
l a r g e  e d d i e s z 5  which e x t r a c t  k i n e t i c  e n e r g y  from t h e  mean f low.  
of t h e  ene rgy  c a s c a d e  p r o c e s s  between t h e  v e r y  l a r g e  e d d i e s  and t h e  s m a l l  
The hreak-up 
ene rgy  d i s s i p a t i n g  e d d i e s  can  t h e r e f o r e  l e a d  t o  reduced  s k i n  f r i c t i o n  d r a g .  
It s h o u l d  be emphasized t h a t  t h e  a c o u s t i c  i n p u t  must he phase  locked  t o  
t h e  convec ted  large e d d i e s  and must have  a sound p r e s s u r e  l e v e l  s u f f i c i e n t l y  
h i g h  t o  i n f l u e n c e  t h e  eddy c a n c e l l a t i o n .  Such a n  a c o u s t i c  i n p u t :  c a n c e l s  
l a r g e  e d d i e s ,  r e d u c e s  t h e  s p a c e - t i n e  c o r r e l a t i o n  c o e f f i c i e n t  a c r o s s  t h e  LEBU, 
r e d u c e s  t h e  l e v e l  of low f r e q u e n c y  t u r b u l e n c e  and r educes  t h e  w a l l  s k i n  
f r i c t i o n .  
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